CD40 stimulation has produced impressive results in early-stage clinical trials of patients with cancer. Further progress will be facilitated by a better understanding of how the CD40 receptor becomes activated and the subsequent functions of CD40-stimulated immune cells. This review focuses on two aspects of this subject. The first is the recent recognition that signaling by CD40 is initiated when the receptors are induced to cluster within the membrane of responding cells. This requirement for CD40 clustering explains the stimulatory effects of certain anti-CD40 antibodies and the activity of many-trimer, but not one-trimer, forms of CD40 ligand (CD40L, CD154). The second topic is the use of these CD40 activators to expand B cells ("CD40-B cells"). As antigenpresenting cells (APCs), CD40-B cells are as effective as dendritic cells, with the important difference that CD40-B cells can be induced to proliferate in vitro whereas DCs proliferate poorly if at all. As a result, the use of CD40-B cells as antigen-presenting cells (APCs) promises to streamline the generation of anti-tumor CD8+ T cells for the adoptive cell therapy (ACT) of cancer.
agonistic anti-CD40 antibody (18, 19) were found to have significant anti-tumor effects in early stage clinical trials. Already by 2007, a National Cancer Institute Immunotherapy Agent Workshop gave the CD40L/CD40 system its highest priority as a co-stimulatory molecule and overall ranked it fourth (behind IL-15, anti-PD-1/anti-PD-L1, and IL-12) as a molecule with "high potential" for treating cancer (20) .
CD40 receptor clustering is needed for cell signaling
Although the importance of CD40 was quickly recognized, it was less clear how it interacted with its ligand to convey a stimulus to responding cells. Crystallographic and molecular modeling studies produced a model in which the CD40L homotrimer fits into the three chains of the CD40 receptor (21, 22) . However, the intracytoplasmic domain of CD40 does not interact with kinases or G proteins which raised questions about how ligand binding leads to downstream signaling. This problem was partially solved with the identification of adapter molecules called TNF Receptor Activation Factors or TRAFs (23) (24) (25) . The cytoplasmic tails of CD40 can form a supramolecular signaling complex composed of many TRAFs that in turn leads to the activation of NF-κB and other transcription factors. The next question was how CD40L/CD40 engagement leads to these downstream events.
The current model of CD40 activation is based on the idea that clustering of the receptor is needed to assemble the supramolecular intracytoplasmic signaling complex. Hard evidence for this model comes from studies of Fas, a related TNFRSF receptor. Using cultured cells engineered to express a fusion protein between Fas and yellow fluorescent protein (YFP), Siegel et al. studied the effects of engaging Fas with Fas ligand (FasL, CD95L). Schneider et al had previously shown that the effects of membrane FasL could be replicated by FLAGtagged trimers of soluble FasL, but only if the trimers were crosslinked by anti-FLAG antibody (26) . Using Fas-YFP responder cells, Siegel et al showed that exposure to crosslinked FasL led to the rapid clustering of Fas-YFP into lipid rafts in the membrane. Under the fluorescent microscope, these receptor clusters were visualized as bright spots, reflecting the acronym given to them as Signaling Protein Oligomeric Transduction Structures or SPOTS (27) .
While a similar experiment has not yet been conducted for CD40, compatible data has been provided by Spencer et al. These investigators engineered cells in which the full transmembrane CD40 molecule was replaced with an engineered protein lacking the entire CD40L-binding extracellular domain but instead expressing a membrane-anchoring motif, the intracellular domain of CD40 needed for binding TRAFs, and two FKBP-related motifs capable of binding an FK-506-like small molecule. A expression cassette for this construct was then transduced into cultured DCs using an adenoviral vector. Following this, the investigators added AP1903, a small dumbbell-shaped chemical containing two FK-506-like moieties. This chemical resulted in the inducible clustering of the engineered CD40 intracytoplasmic domains and led to full DC activation, obtained entirely without the CD40 extracellular domain or CD40L engagement (28) . Combined with a tumor antigen, this system is now being tested in a clinical trial of prostate cancer immunotherapy (NCT00868595). In the context of this review, this work shows that clustering of the CD40 intracytoplasmic signaling domain is sufficient to activate DCs to initiates immune responses. Looking at the cell from the outside, clustering of CD40 receptor in the membrane by a ligand or antibody is the natural process whereby CD40 intracellular domains become clustered and capable of initiating downstream responses.
With this in mind, it is now possible to understand how agonistic anti-CD40 antibodies act to stimulate immune cells. An early clue came from studies of anti-CD40 antibodies as a stimulus for B cell proliferation. Although these antibodies were known to produce partial stimulation of B cells (29) , they did not lead to long-term B cell proliferation. Instead, Banchereau et al. found that it was necessary to add three components to the B cell cultures: anti-CD40 antibodies; a fibroblast line engineered to express the Fc receptor (FcR) for the antibody; and IL-4. Using this "B cell system," cultured B cells could be massively expanded without the use of lectins or other artificial agents (30) . Yet it remained unclear why FcR-bearing fibroblasts were needed in this culture system. Evidently, simple immobilization of anti-CD40 antibody on culture plates or beads is unable to convey the same type of stimulus as antibody mounted on the surface of the FcR-bearing cells.
An important step in understanding agonistic anti-CD40 antibodies came in 2011 when the important role of FcRs was recognized. Similar to the Banchereau B cell system, four groups found that agonistic anti-CD40 antibodies only functioned in the presence of cells expressing IgG-binding FcγRs (31) (32) (33) . Ironically, the best FcγR is FcγRIIB, which is usually thought of as an inhibitory FcγR. Anti-CD40 monoclonal antibodies (MAbs) that bind to FcγRIIB exhibit strong CD40-stimulating activity but only if a cell bearing FcγRIIB is adjacent to the CD40-bearing cell to be stimulated ( Figure 1 ). This indicates an important spatial restriction on the effectiveness of anti-CD40 agonistic antibodies: a CD40-bearing cell that is not adjacent to an FcγR-bearing cell might not be effectively stimulated by these antibodies. Another scenario would be if the CD40-bearing cell itself also expressed FcγRIIB (a so-called cis effect) and it has been proposed that this would operate on B cells that are known to express both CD40 and FcγRIIB (34) . However, the earlier results of Banchereau et al. in the B cell system (30) indicate that the FcR must be on an adjacent cell and not on the CD40-bearing B cell that is itself being stimulated by the agonistic anti-CD40 antibody.
A many-trimer, multimeric form of CD40L is needed to stimulate CD40
When CD40L is expressed as a membrane molecule on the surface of activated CD4+ T cells, it is effectively present as a many-trimer surface of ligand molecules. Consequently, direct contact of a CD40L-bearing cell (e.g., an activated CD4+ T cell) with a CD40-bearing APC allows CD40 clustering and immune activation. This model suggests that a single trimer of soluble CD40L (produced by proteolytic cleavage of CD40L from the cell surface or by genetic engineering) would be unable to provide full CD40 stimulation. This situation was shown for FasL where many-trimer membrane FasL rapidly induced apoptosis in Fasbearing cells, yet 1-trimer soluble FasL was totally inactive (26) . The formal proof of this effect for CD40L was provided by Haswell et al. These investigators prepared two forms of CD40L. One form was a single trimer composed of the CD40L extracellular domain (ECD). The other form was a 4-trimer protein prepared as a genetic fusion between the body of surfactant protein D (SP-D, a naturally self-assembling multimeric protein) and the CD40L ECD. The 1-trimer form of soluble CD40L was unable to stimulate B cell proliferation even at concentrations of 130 nM. In contrast, the 4-trimer protein was fully stimulatory for B cells at 30 nM (35). The conclusion is that a many-trimer multimeric form of CD40L is needed to provide full CD40 stimulation (see Figure 2 ).
Given the need for a many-trimer form of CD40L to cluster CD40 and fully stimulate cells, it may seem odd that Immunex/Amgen produced a putative 1-trimer form of soluble CD40L (sCD40LT or Avrend®) that was highly effective for stimulating cells. Indeed, a Phase I clinical trial of sCD40LT in cancer patients had impressive effects. In one case, a man with stage IV metastatic laryngeal carcinoma previously treated with surgery, radiation, chemotherapy, and erbitux had a complete response to sCD40LT. Typical of many responses to immunotherapy agents, final resolution of the tumor was delayed by several months, but the patient remained free of disease for the subsequent four years of follow-up (17, 37) .
To explain these excellent results, it is necessary to probe a bit deeper into the structure of sCD40LT. This protein was engineered as a fusion between an isoleucine zipper domain that forms trimers and the CD40L ECD (38) . This was done because it was assumed that the CD40L ECD does not spontaneously trimerize on its own. However, a subsequent study showed that the CD40L ECD is a naturally trimeric protein (39) and indeed many suppliers sell a 1-trimer CD40L ECD for laboratory use. The problem is that a protein with two trimerizing domains can form aggregates through a process called "domain swapping" (40) (see Figure 3) . In this manner, a protein designed to be a 1-trimer form of CD40L can effectively form many-trimer multimers, albeit in an uncontrolled manner. Of note, while sCD40LT has been dropped from further development, aliquots are available from the Biological Resource Branch of the National Cancer Institute (Frederick, MD) . The specification sheet for this frozen material produced in 1997 states that 10.4% of the protein is a "high molecular weight component." This would be consistent with spontaneous aggregation of the protein into a many-trimer form that would be expected to have activity by clustering the CD40 receptor. Indeed, CD40 clustering has been observed with cells treated in vitro with sCD40LT (41).
Thus far, there have been no clinical studies that directly compare soluble CD40L with agonistic anti-CD40 antibodies in patients with cancer. However, both proteins have been tested in children with X-HIM, the CD40L deficiency disease. In the previous cancer study with sCD40LT, subjects were treated with 0.10 mg/kg/d given subcutaneously for 5 days and 28% developed elevated liver enzymes as a manifestation of liver toxicity. In contrast, a lower dose was used for these boys with X-HIM, 0.03 -0.05 mg/kg subcutaneously every other day -and none developed signs of liver toxicity. However, there was a marked immune response in these X-HIM patients. The sCD40LT was given s.c. in the left forearm and there was partial restoration of lymph node architecture in the left axilla, but not in the contralateral right axilla which indicates a local and not systemic effect. In addition to the histological changes in lymph nodes, these boys developed the ability to respond to skin test antigens with a delayed-type hypersensitivity response and had restored function of their Th1 CD4+ T cells (42) . This suggests that sCD40LT could be a useful and safe adjuvant for vaccines in humans. More recently, the same group of investigators tested an agonistic anti-CD40 antibody (CP-870,893, Pfizer) in X-HIM subjects. In this study, the immunological reconstitution produced by agonistic anti-CD40 antibody was less impressive than that produced by sCD40LT. In addition, the agonistic anti-CD40 antibody did not cause CD40 clustering but rather led to downregulation of CD40 from the surface of B cells in vitro (41) . While there are many differences between these two X-HIM studies, the results imply that soluble forms of CD40L may be superior to agonistic anti-CD40 antibodies as a treatment for X-HIM and thus should continue to be developed as a cancer immunotherapy.
Molecular designs for many-trimer forms of soluble CD40L
Three groups foresaw the need to construct many forms of CD40L. The first publication was by Haswell et al. and described a fusion between surfactant protein D (SP-D) and the extracellular domain (ECD) of CD40L to make SP-D-CD40L, a 4-trimer form of CD40L (35) . A subsequent publication by Holler et al. described the fusion of Acrp30 (also called adiponectin) and the CD40L ECD to make Acrp30-CD40L, a 2-trimer form of CD40L (36) . Both forms of CD40L were studied in vivo by Stone et al. (43) . Of note, the earliest patent was filed by Richard Kornbluth and both proteins are now licensed exclusively to Multimeric Biotherapeutics, Inc. which is developing them further (see the Declaration of Interest Statement).
These two forms of multimeric soluble CD40L are shown in Figure 4 . The 2-trimer Acrp30-CD40L has been tested extensively in academic labs and is described in 18 papers. For example, 2-trimer Acrp30-CD40L has been shown to activate human DCs (44) and stimulate B cell proliferation in vitro (36) . Four-trimer SP-D-CD40L has also been shown to be a potent stimulus for B cell proliferation (35) .
Use of CD40L to grow B cells for cancer immunotherapy
Banchereau et al. were the first to show that human B cells could be grown using a system of anti-CD40 antibodies, fibroblasts engineered to express FcγR, and IL-4 (30). However, an important step forward came when Schultze et al. found that fibroblasts expressing CD40L could be used with IL-4 to generate large numbers of human B cells. They further showed that these "CD40-B cells" could be used as APCs to generate anti-tumor CD8+ T cells (45) . As APCs, CD40-B cells are as strong as DCs for eliciting CD8+ T cell responses (46) (47) (48) (49) . Whereas DCs cannot be grown in vitro, CD40-B cells can be expanded to large numbers starting from less than 5 ml of blood, which makes them suitable for even pediatric immunotherapy studies (50) . These CD40-B cells have been successfully used for generating anti-tumor CD8+ T cells (51-53).
The standard system for generating CD40-B cells uses CD40L-expressing fibroblasts that have been irradiated to prevent them from overgrowing the cultures. This leads to apoptosis of the fibroblasts and a need to remove cell debris from the cultures. The use of multimeric soluble CD40L circumvents this problem by substituting a cell-free protein for CD40L-expressing fibroblasts (see Figure 5 ).
More recently, CD40-B cells grown with Acrp30-CD40L have been used to generate CD25+FoxP3+CD4+ regulatory T cells (55) . Also, a recent report suggests that CD40-B cells can prime CD8+ T cells but do not generate memory CD8+ T cell responses (56) . One factor that may be involved in these reports is the heterogeneity of the CD40-B cell population. For example, in CD40-B cells grown using SP-D-CD40L, only a minority of CD19+ CD40-B cells also express CD83, a maturation marker induced by CD40L on B cells (57) (see Figure 6) . Indeed, recent studies have shown that some B cells can strongly inhibit the immune response (58) (59) (60) (61) . Under some circumstances, such regulatory B cells or "Bregs" (62) can suppress T cell responses to tumors in vivo (63) (64) (65) . This suggests that further purification of CD40-B cells may be needed to select for those APCs most useful for generating CD8+ T cells for cancer immunotherapy.
Lastly, CD40-B cells express a pattern of adhesion molecules and chemokine receptors necessary for homing to secondary lymphoid organs (66, 67) . This has led to the strategy of preparing CD40-B cells, electroporating them with tumor mRNAs to load them with antigens, and then injecting the antigen-charged APCs back into the host whereupon they migrate to lymph nodes and stimulate an anti-tumor immune response. Studies of this system in dogs with non-Hodgkin's lymphoma have shown promising results (68) . This strategy resembles that of Sipuleucel-T (Provenge®, Dendeon) (69) and the DC vaccines currently being tested for cancer immunotherapy, except that only a small sample of venous blood is needed to prepare the CD40-B cell treatment vaccine.
Conclusions
CD40L and the CD40 receptor are exciting molecules that can be applied to induce powerful anti-tumor immune responses. A key to using CD40L protein for cancer immunotherapy is the recognition that a many-trimer soluble form is needed to fully stimulate CD40 on DCs and B cells. Likewise, agonistic anti-CD40 IgG antibodies only function if the antibodies are mounted on FcγR present on an adjacent cell, which allows movement of the IgG/FcγR complexes to cluster together in space and thereby cluster CD40 on the responding cell. A further use of CD40L is a method for growing B cells in vitro where the resulting CD40-B cells are excellent APCs for generating anti-tumor CD8+ T cells for adoptive cell therapy. Further studies of CD40-B cells are needed to define the best way to prepare them and a way to eliminate those cells capable of inhibiting an immune response. Taken together, knowledge of the CD40L/CD40 system and the initial clinical efficacy of soluble CD40L and agonistic anti-CD40 antibodies provide the basis for claiming that this molecular pathway will ultimately enable the development of an effective immunotherapy for cancer. sCD40LT (Avrend®) was engineered by genetically fusing an isoleucine zipper with the extracellular domain (ECD) of CD40L (with a linker to provide extra spacing in between). Because both ends in sCD40LT can spontaneously form trimers, there is a possibility for crossing of the molecules ("domain swapping") to produce many-trimer multimers. This spontaneous multimerization would explain the clinical activity of sCD40LT given that 1-trimer forms of CD40L are poorly active in vitro.
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